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Ecdysteroids regulate many key developmental events in arthropods including molting and metamorphosis. Recently, members of the
Drosophila Halloween group of genes, that are required for embryonic viability and cuticle deposition, have been shown to code for several
cytochrome P450 enzymes that catalyze the terminal hydroxylation steps in the conversion of cholesterol to the molting hormone 20-
hydroxyecdysone. These P450s are conserved in other insects and each is thought to function throughout development as the sole mediator of a
particular biosynthetic step since, where analyzed, each is expressed at all stages of development and shows no closely related homolog in their
respective genomes. In contrast, we show here that several dipteran genomes encode two novel, highly related, microsomal P450 enzymes,
Cyp307A1 and Cyp307A2, that likely participate as stage-specific components of the ecdysone biosynthetic machinery. This hypothesis comes
from the observation that Cyp307A1 is encoded by the Halloween gene spook (spo), but unlike other Halloween class genes, Dmspo is not
expressed during the larval stages. In contrast, Cyp307a2, dubbed spookier (spok), is expressed primarily during larval stages within the
prothoracic gland cells of the ring gland. RNAi mediated reduction in the expression of this heterochromatin localized gene leads to arrest at the
first instar stage which can be rescued by feeding the larva 20E, E or ketodiol but not 7dC. In addition, spok expression is eliminated in larvae
carrying mutations in molting defective (mld), a gene encoding a nuclear zinc finger protein that is required for production of ecdysone during
Drosophila larval development. Intriguingly, mld is not present in the Bombyx mori genome, and we have identified only one spook homolog
in both Bombyx and Manduca that is expressed in both embryos and larva. These studies suggest an evolutionary split between Diptera and
Lepidoptera in how the ecdysone biosynthetic pathway is regulated during development.
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Developmental transitions in all studied insects are con-
trolled by the periodic production of the molting hormone 20-
hydroxyecdysone (20E), a polyhydroxylated steroid derived
from cholesterol (C). Pulses of 20E precede each larval molt
(Warren et al., 2006) enabling the immature insect to
accommodate increased tissue growth and, at pupal–adult
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body plan into the reproductively mature adult. Conversion of
dietary C into 20E requires at least seven discrete enzymatic
steps that involve numerous hydroxylations by P450 enzymes
(reviewed in Gilbert, 2004; Lafont et al., 2005). Recently, the
genes encoding the enzymes that catalyze the final four steps in
the conversion of C to 20E have been identified in Drosophila
(Chavez et al., 2000; Niwa et al., 2004; Petryk et al., 2003;
Warren et al., 2002, 2004). These so-called Halloween genes
code for P450 hydroxylases. The products of the genes, phan-
tom (phm), disembodied (dib) and shadow (sad) function
sequentially (Fig. 1) to convert the ecdysteroid precursor
substrate 5β[H]-3β, 14α-dihydroxy-cholesta-7-ene-6-one
(ketodiol; 25,22,2-trideoxyecdysone) to the ketotriol (22,2-Fig. 1. Scheme of ecdysteroid biosynthesis. Scheme of 20-hydroxyecdysone
(20E) biosynthesis in phytophagous Diptera. The pathway for Lepidoptera is
very similar except for 3-dehydroecdysone being the precursor of E in many
members of this order. As many as seven (or more) cytochrome P450 (Cyp)
enzymes may be involved, starting from plant sterols, 24-alkylated analogues of
cholesterol (C). Multiple arrows indicate an uncharacterized pathway, perhaps
involving more than one biochemical transformation. The Δ4-diketol is
cholesta-4, 7-diene-3, 6-dione-14α-ol; the diketol is 5β[H]-cholesta-7-ene-
3,6-dione-14α-ol, the ketodiol is 5β[H]-cholesta-7-ene-6-one-3β, 14α-diol
(2,22,25-trideoxyecdysone; 2,22,25dE); the ketotriol is 5β[H]-cholesta-7-ene-6-
one-3β, 14α, 25-triol (2,22-dideoxyecdysone; 2,22dE). The uncharacterized
oxidation reactions between 7-dehydrocholesterol (7dC) and the Δ4-diketol are
commonly referred to as the “Black Box”. The Δ4-diketol has neither been
isolated from nor shown to be a product of, radiolabeled cholesterol metabolism
in insects. It has, however, been shown to be converted first into the diketol and
then into ecdysone by crabs (Blais et al., 1996).dideoxyecdysone), 2-deoxyecdysone and ecdysone (E) via
hydroxylations at C25, C22 and C2, respectively (Niwa et al.,
2004; Rewitz et al., 2006a,b; Warren et al., 2002, 2004) while
the product of shade (shd), the 20-hydroxlase, catalyzes the
conversion of E to 20E, the active hormone (Petryk et al., 2003;
Rewitz et al., 2006a,b).
In Drosophila, synthesis of E during larval stages takes place
primarily within the prothoracic gland cells of the ring gland. In
contrast, the prothoracic glands of many lepidopterans,
although not Bombyx mori, secrete 3-dehydroecdysone, which
is converted to E by a hemolymph reductase (Kiriishi et al.,
1990). Conversion of E to 20E occurs in other tissues including
the midgut and fat body (see Gilbert, 2004; Lafont et al., 2005).
In the adult female Dipteran, 20E is required for proper
oogenesis and follicle cells appear to be an additional major site
of E production.
Consistent with these tissues being the major sources of E
and 20E, the Drosophila phm, dib and sad genes, are all
expressed in the prothoracic cells of the ring gland beginning
midway through embryogenesis and show periodic expression
within this tissue during larval stages (Chavez et al., 2000; Niwa
et al., 2004; Warren et al., 2002, 2004, 2006). During the third
instar, expression of these genes correlates well with the
hemolymph ecdysteroid titer (Parvy et al., 2005; Warren et al.,
2006). In adult female flies, all three genes show pronounced
expression in the follicle cells of the ovary beginning at
approximately stage 8 of oogenesis. More recently, homologs of
these genes have been identified and functionally characterized
in B. mori (phm and dib) and Manduca sexta (phm, dib and
sad), and like their Drosophila counterparts, they are expressed
primarily in the prothoracic glands during larval life (Niwa et
al., 2004; Rewitz et al., 2006a,b; Warren et al., 2004).
In contrast, the Drosophila and Manduca shd genes are not
expressed in the prothoracic gland cells, but instead are found in
peripheral target tissues such as the epidermis, midgut,
Malpighian tubules and fat body, where Shd mediates conver-
sion of E into the active hormone 20E (Petryk et al., 2003;
Rewitz et al., 2006a). As with the other three enzymes, however,
shd is also expressed in the follicle cells of the ovary, consistent
with a 20E requirement for normal oogenesis (Buszczak et al.,
1999; Carney and Bender, 2000; Terashima et al., 2005).
Mutations in all four Drosophila genes exhibit a common
embryonic phenotype including severe defects in many late
aspects of morphogenesis including a failure of head involution,
lack of midgut and epidermal closure and abnormal hindgut
looping. Ultimately the mutants fail to secrete a first instar
cuticle (Chavez et al., 2000; Petryk et al., 2003; Warren et al.,
2002, 2004). Since these mutant embryos fail to produce 20E
and do not induce ecdysteroid responsive genes, these defects
are thought to result directly from an absence of 20E during late
stages of embryonic development.
At present, it is not known with absolute certainty whether
the products of these genes are also required during larval and
ovarian development or whether other related enzymes might
substitute for them at these stages. However, their continued
expression in prothoracic gland and follicle cells in the case of
Drosophila phm, dib and sad or the midgut, fat body and
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that they likely do so and therefore it is probable that only one
enzyme catalyzes each particular reaction at all stages of Dro-
sophila development. This is also supported by the fact that
neither phm, dib, sad nor shd shows a second closely related
gene in Drosophila.
We showed previously that, like mutations in the other
Drosophila Halloween family members, spook (Dmspo) mutant
embryos exhibit low ecdysteroid titers and fail to express IMP-
E1, a 20E inducible gene (Chavez et al., 2000). In addition,
Dmspo mutant embryos show the same characteristic set of
morphological defects (Chavez et al., 2000 and Fig. 4) during
late embryogenesis common to all Halloween class mutants.
These observations suggested that Dmspo also coded for either
an essential component, or positive regulator, of the ecdysone
biosynthetic pathway.
In this report, we describe the identification and initial
characterization of the Drosophila melanogaster, M. sexta and
B. mori spo genes. Dmspo is expressed in both the follicle
cells of the ovary and in the early embryo prior to the
differentiation of the ring glands and rescue experiments
indicate that it must function at an early step, i.e. prior to the
terminal hydroxylation reactions (Fig. 1). However, Dmspo is
not expressed at detectable levels in the prothoracic gland cells
of the ring gland throughout the remainder of embryonic and
larval development. In contrast, the Bombyx and Manduca spo
genes are not only expressed in the prothoracic glands at all
expected development stages in a temporal profile that
positively correlates with larval ecdysteroid titers, but also in
the embryo (Manduca) and ovary (Bombyx). This stark and
seemingly improbable contrast in expression profiles prompted
us to re-examine the Drosophila genome for the presence of
additional spo-like sequences. We found that the putative
truncated pseudo gene Cyp307a2 (Tijet et al., 2001), which we
now refer to as spookier (Dmspok), in fact codes for a complete
protein that shows approximately 57% identity to DmSpo and is
selectively expressed in the prothoracic cells of the Drosophila
ring gland during larval stages.Material and methods
Insects
Drosophila spo (Jürgens et al., 1984) and mld (Neubueser et al., 2005)
mutant strains were obtained from C. Nusslein-Volhard (Max-Plank Institute,
Tubingen, Germany) and Steve Cohen (EMBL, Heidelberg), respectively, and
were cultured on standard cornmeal/yeast extract/dextrose medium. M. sexta
larvae were group-reared on an artificial diet at 26°C, with high humidity
conditions and a 16:8 light:dark cycle. Under this regimen, the fifth (final) larval
instar lasts approximately 9 days (indicated by V1 to V9); and pupal–adult
development takes approximately 21 days (indicated by P0 to P21). B. mori
(Kinshu×Showa F1 hybrid) were reared on an artificial diet (Silkmate, Nihon-
Nosan-Kogyo) at 25°C under a 12 h light/12 h dark cycle. Staging was
according to Kiguchi and Agui (1981) and Kiguchi et al. (1985).
Cloning Dmspo and Dmspok and identification of Dmspo mutations
A full-length Dmspo cDNA sequence was amplified from a pNB40 (Brown
and Kafatos, 1988) Drosophila embryonic cDNA library using the MACHamplification protocol (Haerry and O'Connor, 2002) and the primers Dmspo
Forward (F): 5′-AGAACGCGGCGCTTGACTCCATATATAATG-3′ and
Dmspo Reverse (R): 5′-GCAGCCCGTTAAAACAAAGAATTCAACCG-3′.
The Dmspok (spookier) sequence was derived by RT-PCR. First strand
cDNAwas prepared from 0 to 17 h old embryos. Three cDNA fragments were
amplified by PCR using specific primers designed from the predicted gene
CG40123 and genomic sequence (AABU01002220). The primers were as
follows: Dmspok1 F:5′-ATGTCCGAGATCGGAGGTCTG-3′andDmspok1R:
5′-TTATGTTCTTGGCCGCAATG-3′; Dmspok2 F: 5′-CAGTGATGA-
CAGTTTTGGACC-3′ and Dmspok2 R: 5′-CGCCAAAGAGCTTGTGATATC-
3′; Dmspok3 F: 5′-CCCTTGGCCAATAATCGGAA-3′ and Dmspok3 R: 5′-
CGGGAAACATTCTTGTCTTC-3′. The full-length cDNA was constructed
from the aligned sequences. Details available upon request.
To identify Dmspo mutations, genomic DNA from heterozygous animals
was amplified by PCR using the forward primer 5′-CAGCCCACAGAAGG-
TAGACC-3′ and the reverse primer 5′-GCCCATCTGGGCCCACATTT-3′ and
the PCR product sequenced using the Thermosequenase cycle sequencing kit
(United States Biochemical) according to the manufacturer′s protocol. Mutant
lesions were identified by the presence of two bases at a particular position in
the sequencing ladder. The two Dmspo mutations were induced on the same
genetic background, enabling us to distinguish mutant lesions from
polymorphisms.
RNA isolation and cDNA synthesis from Drosophila, Manduca and
Bombyx
Total RNAwas extracted with TRIzol Reagent (GIBCO-BRL) and purified
using RNeasy (Qiagen). Each RNA sample was treated with DNaseI to remove
genomic DNA. First strand cDNA was synthesized from total RNAs using
ThermoScript RT-PCR System (Invitrogen) with oligo(dT)20 primer. Similar
procedures for Manduca (Rewitz et al., 2006a,b) and Bombyx (Warren et al.,
2004) have been described previously.
RT-PCR of Drosophila RNA
Total RNA was extracted from tissues of wandering third instar larvae and
adults for expression analysis of Dmspo and Dmspok, or from whole first instar
larvae for analysis of Dmspok expression in molting defective (mld) mutants.
First strand cDNAs prepared from total RNAs (1 μg) were subjected to PCR
using specific primers. The primers for Dmspo (F: 5′-GTGTTCT-
GGCCACGTCCTAC-3′ and R: 5′-ATTCTGGCCGATGCAAGTCC-3′),
Dmspok (Dmspok3 F and Dmspok3 R) and rpL23 (F: 5′-GTGAT-
GAACTGTGCCGACAA-3′ and R: 5′-CCTTCATTTCGCCCTTGTTG-3′)
gave 1424, 762 and 268-bp fragments, respectively. Thirty-five PCR cycles
were carried out {94°C for 30 s, 58°C (for Dmspo and rpL23) or 52°C (for
Dmspok) for 30 s, and 72°C for 2 min}. For Dmspo, the absence of
contaminating PCR products derived from genomic DNAwas confirmed in the
control samples without the reverse transcriptase reaction.
In situ hybridization
Sense and antisense RNA probes for hybridization were generated from
linearized cDNA plasmid templates with Sp6 or T7 polymerase using standard
methods. Hybridization and washing conditions were done as described
previously (Chavez et al., 2000).
Construction of Dmspo and Dmphm promoter/enhancer Gal4 fusions
Approximately 600 bp of sequence between the 3′ end of CG10592 and the
translational start of Dmspo were PCR amplified from genomic yw DNA using
the primer pairs F: 5′-GGGGTACCAGTCCAGACTACAGTCGCATACTC -3′
and R: 5′-GCTCTAGATTTTGCTGAGCTCTTGAAAGTAGGAAGC-3′. This
fragment, containing Asp718 and XbaI sites at the 5′ and 3′ ends, respectively,
was inserted between the Asp718 and NheI sites of pPelican-Gal4 (Barolo et al.,
2004) making spo>Gal4. For phm>Gal4, an ~1.1 kb sequence upstream of the
phm translational start was amplified from genomic yw DNA using the primer
pairs F: 5′-TAGATCTTGATGCGCTGCT-3′ and R: 5′-CACTTTCGATT-
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(Invitrogen) and then excised as an EcoRI fragment and inserted into the EcoRI
site of pPelican-Gal4.
RNAi and ecdysteroid feeding experiments
RNAi experiments using hairpin double stranded RNAs were performed
using the Gal4/UAS system. Approximately 450 bp of Dmspok sequence was
PCR amplified from cDNA using the primer pairs F 5′AAGGCCTA-
CATGGCCGGACCGCGTATTTTATGTGCTATTCGCT-3′ and 5′-AATCTA-
GAGGTACCGAGCTAAATTTCTCCGCTTT-3′. This fragment contained
CpoI/SfiI and XbaI/KpnI sites at the 5′ and 3′ends, respectively. The UAS-
spok Inverse Repeat Construct (UAS-spok-IR) was generated by ligation of
the fragments into CpoI/KpnI site and XbaI/SfiI site of the pUAST-R57 vector
(National Institute of Genetics, Japan). Males carrying the UAS-spok-IR were
crossed with virgin females carrying the phm>Gal4 driver to obtain spok-
RNAi embryos.
0–18 h old spok-RNAi embryos were collected and placed on apple juice
plates with yeast paste containing a final concentration of 100 μM ecdysteroid in
3% DMSO or 5% ethanol or 9% DMSO/EtOH (1:2) (e.g. 50 mg dry yeast, 97 μl
H2O, 3 μl of 30 mM ecdysteroid or sterol in DMSO). Cholesterol was dissolved
in ethanol, 2-deoxyecdysone, ecdysone and 20-hydroxyecdysone were
dissolved in DMSO, and 7-dehydrocholesterol and ketodiol were dissolved in
DMSO/EtOH, respectively. Hatched larvae were continuously fed the yeast
paste and larvae carrying the TM6 (Tb) balancer were removed. Larvae were
reared at 29°C and the lethal-phase was recorded.
Subcellular localization of Dmspo
Drosophila S2 cells were co-transfected with vectors expressing HA-
tagged versions of the protein of interest and GFP-tagged mitochondrial
(Horiuchi et al., 2005) or ER (Tsruya et al., 2002) markers. Three days after
transfection, the cells were plated on concanavalin A coated Lab-Tek II slides
(Rogers et al., 2002). After 2 h, cells were washed, fixed with 4% para-
formaldehyde and permeabilized with methanol. Anti-HA (12CA5: Roche)
and goat anti-mouse (Alexa 568: Molecular Probes) antibodies were used to
detect the HA-tagged proteins. Cells were counter stained with DAPI,
mounted in Perma Fluor and analyzed by confocal microscopy. Individual
optical sections are shown.
Embryonic ecdysteroid rescue experiments
Homozygous 6–9 h old DmspoZ339 mutant embryos were mechanically
separated from their TM3, armadillo-GFP containing balancer siblings using
a Copas Embryo Sorter (Harvard Bioscience, Holliston, MA) according to the
manufacturer′s instructions. They were washed in PBS-T (Tween-20, 2%) and
incubated with ecdysteroid solution (1 ml) at a concentration of 100 μM for
3 h at room temperature. The ecdysteroids and sterols were prepared by first
dissolving them, e.g. the ketodiol (25,22,2dE) or ketotriol (22,2dE) (both gifts
of R. Niwa, University of Tokyo), E or 20E (Sigma) or 7-dehydrocholesterol
(7dC) (Aldrich) in ethanol (10 mM) and then diluting into PBS-T. After
incubation, embryos were washed in PBS-T and spread on apple juice agar
plates. Hatched larvae were selected and placed on standard Drosophila corn
meal/yeast extract/dextrose/agar media without ecdysteroid or sterol augmen-
tation. Ovaries were dissected from rescued adults and photographed.
Genomic DNA from rescued adults was sequenced to confirm their
mutations.
Identification of Bmspo
Using RNA templates derived from precisely staged fourth and fifth instar
prothoracic glands, a developmental fluorescent mRNA differential display
technique (FDD) was employed (Shinoda and Itoyama, 2003; Warren et al.,
2004), and the partial sequences of two putative prothoracic gland-specific
P450 (Cyp) genes were identified, i.e. PG04j (Bmphm) and PG19t (Bmspo).
The latter cDNA fragment showed highest similarity to the C-terminal sequence
(359aa-447aa, 61% identity) of D. melanogaster Cyp307A1 (DmSpo).Preliminary RT-PCR analysis using specific primers for PG19t revealed that
this gene, like PG04j (Bmphm), was also expressed specifically in the pro-
thoracic glands.
The 5′ and 3′ ends of the complete Bmspo cDNA were obtained by a
modified RACE method using a SMART-RACE cDNA amplification kit
(Clontech) as described previously (Warren et al., 2004). Specific primers for 5′-
and 3′-RACEwere designed based on the sequence of the PG19t FDD fragment:
first 5′-RACE primer R1: 5′-CACACTGGGAGTTGCGTCTCGTCCTGA-3′;
second 5′-RACE primer R2: 5′-CGCCCAGAAGGTGTAGACTCCCGAT-3′
(this second upstream primer, near the 5′-end of the transcript, was designed
based on the sequence obtained by the first 5′-RACE); 3′-RACE primer F1: 5′-
TCAGGACGAGACGCAACTCCCAGTGTGAC-3′. Plasmids containing dif-
ferent lengths of cDNAs (0.5–2.2 kb) were obtained. These were sub-cloned
into vector pCR2.1 (Invitrogen) and several of the longest clones were selected
and sequenced. The combined sequence resulting from the 5′- and 3′-RACE
was deposited to DDBJ/GeneBank (AB124841). The Bmspo open reading
frame was amplified from the first strand cDNA by PCR with the N-terminal
primer F2: 5′-ataggatccATGAGTTCGTTAATCATTGTATTATTCGTT-3′, and
the C-terminal primer R2: 5′-ataggatccCTACTTCCTAGGTATCAAATG-
CATTTTGTA-3′ (both containing an additional BamH1 site for cloning).
Proof reading polymerase, pyrobest DNA polymerase (Takara) was used. The
amplicon (~1.6 kb) was digested with BamHI and cloned into BamHI site of
the pAcUW51 vector (Pharmingen). Several clones were sequenced and a
PCR error-free clone (pAcUW51/Bmspo) was selected and used for further
analysis.
Identification of Msspo
As described previously (Rewitz et al., 2006a,b), RT-PCR was used to
amplify a prothoracic gland cDNA product using Hotstart Taq polymerase
(Qiagen). Degenerate primers (F: 5′-GAYGAGATMTTYTGGGARATCAA-3′
and R: 5′-CCICCIAKGAARTCYTCSAGCAT-3′) were designed based on
consensus spo sequences from Drosophila and Bombyx. A BLASTx (NCBI)
search and sequence alignments identified theManduca sequence as a homolog
of Dmspo and Bmspo. Using SMART-RACE (Clontech), the 5′ and 3′ ends of
the Msspo were amplified from prothoracic gland adapter-ligated cDNAs that
were reverse transcribed from total RNA (obtained from V3 larvae), using
RACE-PCR. The amplicons were gel purified and cloned into the pGEM-T
vector (Promega). Several positive clones with longest inserts containing the 5′
and 3′ ends were sequenced. A full-length cDNA sequence of the Msspo was
constructed from overlapping sequences aligned and merged using ClustalX.
Real-time PCR analysis of Msspo and Bmspo gene transcripts
The expression of Msspo was analyzed by quantitative RT-PCR (qPCR)
using a real-time light-cycler (BIO-RAD) as described previously (Rewitz et al.,
2006a,b). The primers for Msspo were F: 5′-GCACGAAGACCCGAATGTAG-
3′ and R: 5′-AGATTTCCGACCGACGAATG-3′. Transcript levels were
normalized for the expression of the housekeeping gene rpL17A after correcting
for differences in amplification efficiency. The rpL17A primers were F: 5′-
TCCGCATCTCACTGGGTCT-3′ and R: 5′-CACGGCAATCACATA-
CAGGTT-3′. Significance of expression differences was tested by ANOVA
and multiple comparison analysis performed by the Tukey HSD Test.
The expression of Bmspo during the fourth and fifth instars of the silk moth,
relative to the rp49 reference gene, was also obtained by qPCR as described
previously (Shinoda and Itoyama, 2003;Warren et al., 2004). Primers for Bmspo
were F: 5′-CCATCTTGGAATGTCTGCGG-3′ and R: 5′-GGAGTTGCGT-
CTCGTCCTGA-3′. A plasmid containing a Bmspo cDNA fragment (the
original clone obtained by FDD) was used as a quantification standard.
Northern blot analysis of Dmspo, Msspo and Bmspo
expression
Samples of total RNA from Drosophila embryos and late third instar larvae
and from Manduca and Bombyx fifth instar larval tissues were extracted,
separated, transferred and blotted with specific Dmspo (0.5 kb) and Msspo
(1.0 kb) probes synthesized by PCR as described previously (Rewitz et al.,
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by reverse transcription (T7 polymerase) from a linearized (HindIII) plasmid
(pAcUW51, Pharmingen) containing a Bmspo 5′-RACE cDNA fragment. An
rp49 DIG-RNA probe was hybridized simultaneously (Warren et al., 2004).Results
Dmspo codes for Cyp307A1, a microsomal P450 enzyme
Since four of the previously characterized Halloween genes
encode P450 enzymes, we used Drosophila genome informa-
tion (http://flybase.bio.indiana.edu/) to find a correlation
between predicted P450 chromosomal locations and the
known genetic map position of Dmspo. Cyp307a1 is located
within the 65D4 cytological interval of the third chromosome
where deficiency mapping had placed the Dmspo locus (Jürgens
et al., 1984). To determine if Dmspo is Cyp307a1, we
sequenced two different EMS mutant alleles. For DmspoZ339,
a single base alteration was identified that converts lysine 132
into a stop codon, while DmspoZ303 converts glycine 481 into
glutamate. Both mutations are likely null alleles since the
DmspoZ339 stop codon eliminates the C-terminally positioned
heme binding site that is required for catalytic activity of all
P450-type enzymes, while the DmspoZ303 substitution is a non-
conservative change of an invariant glycine within the heme
binding domain. Since the Cyp307a1 sequence is less than 40%
identical to any other P450 in the database, by convention, it is
the founding member of a new P450 family (http://drnelson.
utmem.edu/cytochromeP450.html). DmSpo contains many of
the signature sequences characteristic of a P450 protein,
including the Helix-K (ExLR), PERF (PxxFxPxRF) and the
heme-binding domain (PFxxGxRxCxG) (Fig. 2A). The N-
terminal sequence is characteristic of microsomal P450s (a
string of hydrophobic residues preceding a proline–glycine rich
region) located in the endoplasmic reticulum. However, the
WxxxR motif of the C-helix, believed to form interactions with
the propionate of the heme, and the helix-I motif (GxE/DTT/S)
are not well conserved (see Feyereisen, 2005). These results
confirm a recent report identifying Cyp307A1 as the product of
the Dmspo locus (Namiki et al., 2005).
To examine the subcellular localization of DmSpo, a Dmspo
expression construct was co-transfected into Drosophila S2
cells along with mSpitz-GFP, an endoplasmic reticulum marker,
or a mitochondrial-GFP protein (Horiuchi et al., 2005). As
shown in Figs. 2C and F, DmSpo co-localized with the
endoplasmic reticulum marker but not the mitochondrial
marker, confirming that it is a microsomal enzyme.
Tissue distribution of Dmspo mRNA
Previous in situ hybridization studies revealed that Droso-
phila phm, dib and sad are all expressed in the known
ecdysteroidogenic tissues, i.e. the prothoracic gland component
of the ring gland and the follicle cells of the ovary (Chavez et al.,
2000; Warren et al., 2002, 2004). In addition, each showed some
expression in the epidermis of early embryos, prior to formation
of the ring gland. To determine whether the expression pattern ofDmspo was consistent with these known ecdysteroidogenic
enzymes, in situ hybridization was carried out on embryos, third
instar larvae and adult ovaries. As shown in Fig. 3A, Dmspo is
expressed initially in the pre-cellular blastoderm embryo with a
ventral bias. As cellularization proceeds, expression expands
dorsally. This early pattern is reminiscent of that described for
Drosophila phm (Warren et al., 2004). However, unlike phm
or any of the other known ecdysteroidogenic enzymes, Dmspo
transcription is activated to high levels in the yolk nuclei (Fig.
3B). As germband elongation commences, Dmspo expression in
the yolk nuclei fades but is up-regulated in the amnioserosa (Fig.
3C). Expression in the amnioserosa then declines before
germband retraction at about stage 9 and, in contrast to the
prominent ring gland expression of Drosophila phm, dib and
sad, is not seen in any other tissue at later stages of
embryogenesis (Fig. 3D). Similarly, during the third larval
instar, no expression of Dmspo is observed in any tissue,
including the prothoracic gland cells of the ring gland. Semi-
quantitative PCR also suggested that Dmspo is not expressed in
most larval tissue, although a small amount is seen in the gut of
third instar larvae (see below). In adult females, Dmspo is
expressed in the follicle cells of the ovary beginning at about
stage 8 of oogenesis (Fig. 3E), similar to the other characterized
ecdysteroidogenic enzymes.
If Dmspo is indeed involved in ecdysteroidogenesis, then the
absence of Dmspo expression in any larval tissue, especially the
ring gland, is surprising given that 20E is required throughout
larval and pupal stages to mediate molting, morphogenesis and
metamorphosis. One possibility is that Dmspo might be
expressed transiently during larval and/or pupal stages, thereby
precluding observation of its transcription in our analysis of
crawling third instar larvae alone. For this reason, the
expression of Dmspo was studied using the Gal4/UAS system.
We cloned the Dmspo 5′ region comprising ~600 bp immedi-
ately upstream of the transcriptional start in a Gal4 expression
vector (Barolo et al., 2004). Transformant lines carrying this
transgene were crossed to UAS-CD8eGFP-containing flies and
the expression of GFP was monitored throughout development.
We observed expression of GFP in the yolk nuclei, amnioserosa
and follicle cells (Figs. 3F–J). The expression in the yolk cells
and amnioserosa was observed at later stages than was seen by
in situ hybridization, likely due to the delay in Gal 4
accumulation and chromophore activation inherent in this
bipartite system, and the persistence of the GFP protein
compared to mRNA. Importantly, we observe no expression
in the prothoracic cells of the ring gland during any stage. Weak
expression in muscles and gut was observed in late third instar
larvae (data not shown). However, no further expression in any
tissue was seen during the pupal stages.
The embryonic phenotype of Dmspo mutants is identical to the
other Halloween class mutants
Because Dmspo expression in the early embryo yolk nuclei
and amnioserosa was unusual for a Halloween ecdysteroido-
genic enzyme, we compared its embryonic phenotype to that of
the characterized Halloween mutants. As shown in Fig. 4, we
Fig. 2. (A) Sequence alignments of Dmspo, Bmspo and Msspo and Dmspok. Residues in black are identities while in gray are similarities. The positions of
characteristic P450 structural motifs are indicated with brackets and labeled e.g. helix-C (WxxxR), helix-K (ExxR; a putative hydrogen binding sequence), “PERF”
(PxxFxPExF) and the heme-binding domain (PFxxGxRxCxG). The putative ER localization sequences are a proline/glycine-rich region following a hydrophobic
stretch (dashed red overline). The positions of the two mutated residues found in the spoZ339 and spoZ303 alleles are indicated with an arrow. (B) DmSpo is found in the
endoplasmic reticulum of S2 cells. S2 cells were co-transfected with a C-terminal HA tagged Spo expression construct and either the ER localized Spitz-GFP (a–c) or
mitochondria localized Mito-GFP (d–f) expression constructs. Cells were fixed onto concanavalin A coated slides and stained with anti-HA 12CA5 antibody (red) and
simultaneously imaged for GFP. Note the complete overlap of HA with Sptiz-GFP but not Mito-GFP.
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gical defects in Dmspo mutant embryos when compared to
other Drosophila Halloween mutants (Chavez et al., 2000;
Warren et al., 2002, Petryk et al., 2003). In each case,
development proceeds normally until stage 14. After this time,
Dmspo mutants exhibit the same characteristic failure of head
involution, absence of midgut and dorsal closure and abnormal
hindgut looping that have been reported for the other
Halloween gene mutants. While we did not observe any
nurse cell expression of Dmspo, we also generated Dmspo
germline clones. As was previously reported for Drosophila
dib germline clones (Chavez et al., 2000), the range of defects
observed for Dmspo germline clones were no different from
that seen in the zygotic mutants indicating that there is likely no
maternal contribution of Dmspo mRNA or protein to the
developing egg.A single embryonic pulse of the ketotriol, E or 20E enables
Dmspo mutant embryos to develop into adults
The absence of Dmspo expression during larval stages
suggests that Dmspo may only be required for embryonic
and ovarian development. To examine this possibility, we
determined the developmental consequences of delivering an
artificial pulse of 20E to mutant embryos midway through
embryogenesis. To this end, 6–9 h old de-chorionated
heterozygous mutant spoZ339/spoZ303 embryos were collected
and incubated in PBS-T supplemented with 100 μM 20E
(Table 1) for 3 h. After incubation, the embryos were
removed and allowed to develop further on non-supplemen-
ted media. As shown in Table 1, approximately 30% of
those embryos hatched to first instar larvae and approxi-
mately 60% of these completed development and eclosed as
Fig. 3. Expression of Dmspo and Dmspo>Gal4:UAS-GFP. (A–E) Expression of Dmspo as revealed by in situ hybridization. (A) Pre cellular stage blastoderm embryo
note ventral staining and the beginning of staining in yolk nuclei. (B) A cellularized blastoderm stage embryo exhibiting strong yolk nuclei staining. (C) A germband
extended embryo stage 7 exhibiting amnioserosa staining. (D) A stage 17 embryo with no Dmspo expression. (E) A stage 10 ovary showing strong expressing of
Dmspo in the follicle cells. (F–J) Expression of spo>Gal4 as revealed by crossing to UAS-CD8shGFP. (F) A dorsal view of a stage 15 embryo undergoing dorsal
closure. GFP is found in the amnioserosa cells. (G) A dorsal view of a stage 16 embryo finishing dorsal closure. (H) A dorsal view of a stage 17 embryo focused on the
yolk nuclei within the gut. (I) A surface view of follicle cell staining of a stage 10 oocyte. (J) A lateral deep view of a stage 10 oocyte exhibiting follicle cell staining.
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spoZ339/spoZ303 mutant females produced no progeny. In
contrast, rescued spoZ339/spoZ303 mutant males are fertile.
When the ovaries of rescued females were examined, we
found that egg development was arrested at approximately
stage 8 of oogenesis (Fig. 4I vs. J). Similar defects have been
noted in ovaries lacking Drosophila shd, the gene coding for
the P450 enzyme that catalyzes the conversion of E to 20E
(Petryk et al., 2003), and in germline clones of ecdysone
receptor (EcR) mutants (Carney and Bender, 2000). In addi-
tion to 20E, we also tested E, the precursors of E (ketodioland ketotriol), and the sterol 7dC (Fig. 1) for rescue. We
found that E exhibited a rescuing ability similar to that of
20E. The ketotriol also rescued to some degree, but the
ketodiol and 7dC did not. At a minimum, these results
indicate that Dmspo must function upstream of the ketotriol in
the biosynthetic pathway (Fig. 1).
As a control, we also used this method to rescue sorted
homozygousDrosophila sadmutant embryos. Sad codes for the
2-hydroxylase, which unlike Dmspo, is expressed in the ring
gland during late embryogenesis and throughout all larval stages
(Warren et al., 2002). When the rescue protocol using 20E is
Fig. 4. Phenotype of spoZ339 homozygous mutants. (A) Wild-type cuticle, (B–D) normal embryonic development of wild-type embryos stained with spectrin antibody.
(E) Lack of cuticle differentiation in spoZ339 mutant embryos. (F–H) Mutant embryos stained with spectrin antibody. (B, F) Lateral view of normal embryonic
development at stage 14, 10:20–11:20 h after egg laying in wild-type and mutant spoZ339 embryos, respectively. (C, G) Ventral view of normal development at stages
15–16 (11:20–16:00 h) in wild-type embryos and failure of head involution at stages 15–16 in mutant embryos spoZ339 (arrow), respectively. (D, H) Dorsal view of
normal development at stages 15–16 in wild-type embryos and defects in dorsal closure (arrow) and aberrant gut looping (arrowhead) at stages 15–16 in mutant
spoZ339 embryos, respectively. (I) Wild-type ovarial, (J) degenerating oocytes in spo mutant females that were rescued by pulsing embryos with 20E.
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instar larvae, similar to what was found with the Dmspomutants.
However, unlike Dmspo mutants, these rescued sad mutant
larvae never develop further and die before molting to the second
instar. These results demonstrate that Dmspo is only required for
ovarian and embryonic development, whereas sad is required
for progression through the larval stages.
Cloning of Msspo and Bmspo homologs
Since the rescue experiments suggested that Dmspo codes
for a stage-specific component of the ecdysone biosynthetic
pathway, we determined whether this aspect of the pathway was
evolutionarily conserved in other insects. We first identified a
putative Bombyx spo homolog (Bmspo) by both FDD and 5′-
and 3′-RACE-PCR. This 1799 bp sequence contains a short 3′-
UTR with a polyA sequence at the 3′-end. The 5′-RACE clones
showed almost identical sequences suggesting that they
contained the near 5′-end sequence of the transcript. UsingTable 1
Rescue of homozygous embryos by incubation with ecdysteroids
Genotype Stage Number of animals
Ecdysteroid
20E E KT KD 7dC None
sad/sad Hatched 32 (74) – – – – 0 (68)
sad/GFP Hatched 28 (78) – – – – 20 (61)
spoZ339/
spoZ303
Hatched 34 (93) 25 (83) 13 (164) 3 (125) 1 (106) 2 (56)
Adult a 20 12 1 0 0 0
spo/GFP Hatched 80 (116) – – – – 66 (90)
The number in parentheses is the total number of embryos tested.
Concentration of each ecdysteroid is 100 μM.
a The numbers of heterozygous adults with balancer chromosome marker are
excluded. They were 1 for 20E, 1 for E, 4 for KT, 2 for KD, 1 for 7dC and 2 for
None.degenerate primers derived from consensus Drosophila and
Bombyx spo gene sequences, a partial Manduca sequence with
high homology to Bmspo was identified by RT-PCR. A~2.0 kb
cDNA containing a predicted open reading frame of 534 amino
acids was obtained, again using RACE-PCR with gene-specific
primers. As illustrated in Fig. 2, the Msspo gene encodes a
deduced protein sequence with high homology to BmSpo (79%
identity and 89% similarity). MsSpo and Bmspo are both 49%
identical, 68% similar, to DmSpo and DmSpok.
Northern analysis of Dmspo, Msspo and Bmspo
Northern analysis of Dmspo and Msspo RNAs reveals
single transcripts of ~2.1 kb and ~2.3 kb, respectively (Fig.
5A). In contrast, the primary Bmspo transcript is much larger,
about 10 kb, with a minor second ~3 kb transcript also seen
in Northern blots (Fig. 5B). Since the 5′UTR obtained by the
SMART-RACE is relatively short, we speculate that the large
size of this message may be due to a very long 3′ UTR. In
agreement with the in situ expression of Dmspo and the
qPCR analysis of both Msspo and Bmspo (see below), the
Northern analysis reveals that Dmspo is expressed in the early
embryo, but not in the late third instar larvae. In contrast,
Msspo and Bmspo are predominantly expressed in the
prothoracic glands of the fifth instar larvae. Expression of
Msspo, observed in ventral nerve cord (ganglia) by qPCR
(see below), was not detected using the less sensitive
Northern technique.
Tissue-specific expression of Msspo and Bmspo
If both Msspo and Bmspo expressions are critical to
ecdysteroid biosynthesis and have no other functions, it is
reasonable to expect their expression to be limited to known
ecdysteroidogenic tissues, i.e. primarily the larval prothoracic
glands, but also including adult ovarian and embryonic
Fig. 5. Northern analysis of Dmspo, Msspo and Bmspo. (A) Dmspo (2.1 kb) and
Msspo (2.3 kb) mRNA (5 μg total RNA/lane). Ethidium–bromide stained
ribosomal RNA indicates nearly equal loading. PG, prothoracic gland; MG,
midgut; ant VNC, anterior venteral nerve cord; post VNC, posterior ventral
nerve cord; FB, fat body; MT, Malpighian tubules; Drosophila late third instar
wandering larvae (late L3). Manduca day 4 and 7 fifth instar larvae (V4 and V7,
respectively). (B) A major ~10 kb Bmspo transcript is seen in the prothoracic
glands of Bombyx (5 μg of total RNA). M=marker.
563H. Ono et al. / Developmental Biology 298 (2006) 555–570tissues. To test this, the expression of Msspo at selected
stages during the fifth instar and during the beginning of
pupal–adult development was analyzed by qPCR in different
tissues. Msspo was expressed predominantly in the prothor-
acic glands (Fig. 6A) with lower expression in the ventral
ganglia primarily on day 7 (V7). Using this very sensitive
technique, the expression of Msspo was very low in the
midgut, Malphigian tubules, brain, fat body, epidermis and
muscle at the selected stages during the fifth instar and
pupal–adult development, and low in the adult ovaries. The
highest expression of Msspo in the prothoracic glands andFig. 6. qPCR analysis of the expression of Msspo and Bmspo. (A) Manduca
cDNAs analyzed by qPCR were prepared from total RNA obtained from tissues
pooled from 3–10 fifth instar, pupal–adult, or adult (ovaries) animals. Data were
normalized to the housekeeping gene ribosomal protein rpL17A and rp49
mRNA level. MG, midgut; MT, Malpighian tubules; PG, prothoracic gland; GA,
ganglia; BR, brain; FB, fat body; EP, epidermis; MS, muscle; OV, ovary. Days of
larval and pupal development are noted by V and P, respectively. (B)
Developmental qPCR expression of Msspo in the prothoracic gland during
the fifth instar, continuing until day 4 of pupal–adult development. Data are
shown as means±SEM (n=3–7). The lowest mean value (day 2) was arbitrarily
set as 1 and the vertical axis indicates the fold increase compared to day 2.
Ecdysteroid level during the fifth instar is from Grieneisen et al. (1993) and
during pupal–adult development is for females fromWarren and Gilbert (1986).
(C) Hemolymph ecdysteroid commitment peak; W, wandering; E, ecdysis. (C)
Developmental qPCR expression of Bmspo in the prothoracic gland during the
fourth and fifth larval instars. The Bmspo transcript level (normalized to rp49)
in the prothoracic gland was analyzed individually by qPCR (mean±SE, n=3).
The ecdysteroid level (dashed red line) in the hemolymph is from Kiguchi and
Agui (1981) and Kiguchi et al. (1985). SI, spiracle index was according to
Kiguchi and Agui (1981); GP, gut purge; HCS, head capsule slippage; Spin, silk
spinning.also the ganglia is temporally coincident with the major
hemolymph ecdysteroid peak on V7 that elicits the meta-
morphic molt to the pupa.
Analyzed by a slightly different qPCR procedure than for
Msspo, the tissue expression of Bmspo during the last two
stages of larval development is restricted to the prothoracic
glands, ganglia and developing ovaries (data not shown).
Temporal expression of Msspo and Bmspo in the prothoracic
glands during development
To determine whether changes in the expression of Msspo
and Bmspo during the fifth instar and pupal–adult develop-
ment were indeed correlated with changes in the hemolymph
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prothoracic glands of both lepidopteran species was per-
formed. The expression of Msspo in the prothoracic glands
was analyzed from the beginning of the fifth instar until day 4
of pupal–adult development, after which the prothoracic
glands become very difficult to localize and collect as they
begin to initiate programmed cell death (Dai and Gilbert,
1997). Fig. 6B shows dramatic developmental changes in
Msspo expression in the prothoracic glands during the fifth
instar and pupal–adult development. From a minimum on V2,
Msspo expression undergoes a sudden and statistically
significant (P<0.001) 22-fold up-regulation to V3. This
increase correlates with the small peak in the hemolymph
ecdysteroid level on V3–4 that commits the larva to a
metamorphic molt (see Rybczynski, 2005). This ecdysteroid
commitment peak is followed by a second and larger surge in
the hemolymph ecdysteroid level that attains its maximum on
V7, at which time Msspo expression also peaks at 60 times
the expression on V2 (P<0.001). Msspo expression then
undergoes a significant (P<0.05) down-regulation by V9 in
parallel with the hemolymph ecdysteroid level. Subsequently,
the expression of Msspo increases during the beginning of
pupal–adult development when the ecdysteroid level is still
low (P1). Both titers then increase dramatically on P2 and
continue that increase through at least P4. Thus, there is
overall agreement between the developmental changes in
Msspo expression in the prothoracic glands and the
hemolymph ecdysteroid level during the fifth instar and
pupal–adult development, i.e. low expression of Msspo
coincides with periods of basal ecdysteroid levels (V2 and
V9) and peaks at V3 and V7. Preliminary data on Msspo
expression during Manduca embryogenesis revealed very low
expression at about 24 and 72 h after egg laying with an
increase at 48 h, indicating regulation during this develop-
mental period as well as in larvae, pupae and adults (data not
shown). Together, these data suggest that transcriptional
regulation of Msspo is likely to be important for the temporal
control of ecdysteroidogenesis in the prothoracic glands
during Manduca development, as well as in the embryo and
developing adult ovary.
A detailed developmental analysis of Bmspo expression in
the prothoracic glands also reveals a tight correlation between
expression and ecdysteroid titer during the fourth and fifth larval
instars (Fig. 6C). Bmspo expression begins to increase 3 days
before spinning and doubles the day after spinning in
conjunction with the beginning of the increase in hemolymph
ecdysteroids that peaks 3 days later and is responsible for
eliciting the metamorphic molt to the pupa. During the fourth
instar, Bmspo expression in the prothoracic glands is present
even on day 0 and it peaks 3 days later (SI-C) to its maximum
level during both instars. This correlates well with the
ecdysteroid peak at 84 h which initiates the molt from the
fourth to fifth instar. It is of interest that in both Bombyx and
Manduca, their prothoracic gland spo expression is basically
zero at V2, and although both analyses were conducted
differently, the overall expression of this gene is remarkably
similar in both lepidopteran species.Drosophila contains a second Spo-like gene
The surprising difference in temporal expression of Dmspo
compared to its lepidopteran orthologs Msspo and Bmspo,
suggests that Drosophila may have another enzyme that
provides Spo-like activity during larval stages. Recently, the
newly annotated gene, CG40123 (located in unmapped
heterochromatin), was added to the Drosophila data base.
This gene shows similarity to both DmSpo (58% identity) and
to BmSpo and MsSpo (48% identity). However, it lacks
approximately 170 N-terminal amino acids compared to
dipteran and lepidopteran Spo and other P450 gene products.
This missing domain includes the ER target signals and the
highly conserved Helix-C involved in heme interactions. Its
truncated structure and localization in heterochromatin are
consistent with it either being a pseudogene or an annotation
error due to the difficulty of assembling heterochromatic DNA.
To help resolve this issue, we preformed a tBlastn search against
heterochromatic DNA sequences using the N-terminal third of
the DmSpo amino acid sequence as the search string. One
sequence, a previously identified putative P450 pseudo-gene
(Tijet et al., 2001), showed high homology. Using this sequence
and the CG40123 sequence, we designed primers to span the
unconnected region and used RT-PCR to generate a composite
cDNA. We refer to this gene as spookier (Dmspok) and its
deduced amino acid sequence is aligned against Drosophila,
Manduca and Bombyx Spo sequences in Fig. 2. As presently
annotated, Spo and Spok show the highest degree of identity
(57%) between all Drosophila P450 proteins, with no close
homologs. This indicates that these genes are paralogous, and
therefore may posses similar biochemical activities.
To determine where and when Dmspok is expressed, we
carried out in situ hybridization with embryos and third instar
larvae. As shown in Fig. 7, distinct Dmspok expression is first
noted at stage 16 in the developing prothoracic gland cells of the
ring gland. In addition, there is apparent low-level expression in
most other tissues after about 9 h (Figs. 7B and I). During the
second and third instar larval stages, Dmspok is expressed
primarily in the prothoracic gland cells of the ring gland (Figs.
7E–G) and cycles (high in late 2nds, low in early third and high
in late thirds) as shown previously for phm, dib and sad RNA
(Warren et al., 2002, 2004). Expression is also seen during
pupal stages (Fig. 7I) but we have not examined the tissue
specificity of this expression. We see no expression of Dmspok
in the follicle cells of adult females using either in situ
hybridization (Fig. 7A) or semi-quantitative PCR (Fig. 7J).
While Dmspo was not expressed in the ring gland, Dmspok was
highly expressed in this tissue (Fig. 7J).
Dmspok is required for larval development
To assess whether Dmspok is required for larval molting, we
knocked down its expression in the prothoracic cells of the ring
gland using the UAS/Gal4 system. A UAS-spok RNAi
construct was expressed in the prothoracic cells of the ring
gland using a phm>Gal4 driver. As shown in Fig. 7K, this
greatly reduces expression of spok in first instar larvae. The
Fig. 7. DmSpok expression analyzed by RT-PCR in situ hybridization. (A) spok is not expressed in stage 10 oocyte. (B) Low level expression of spok in most tissues at
stage 14. (C) Stage 17 embryo showing strong spok expression in the prothoracic gland cells of the ring gland. (D) A homozygous stage 17 mld mutant embryo
showing no staining of spok in the prothoracic gland cells. (E) A larval brain and ring gland from a 2nd instar larva showing strong expression of spok in the
prothoracic gland cells. (F) A larval brain ring gland complex from an early 3rd instar showing reduced expression of spok in the ring gland. (G) A brain ring gland
complex from a wandering third instar larvae showing strong expression of spok in the prothoracic cells of the ring gland. (H) Semi-quantitative RT-PCR analysis of
spo and spok expression in mld/TM3 act-GFP heterozygous and mld homozygous mutant first instar larvae. Note lack of spok expression in mld homozygotes. rpL23,
ribosomal protein 23. (I) Semi-quantitative RT-PCR analysis of spo and spok expression during development 0–3, 3–6, 9–12 and 13–16 are hours after egg laying
(AEL). L1 is first instar larva (30–42 h AEL). L2 is second instar larva (54–66 AEL). L3 is third instar larva (78–90 h AEL). Pupal stages are according to Ashburner
in Drosophila A Laboratory Handbook, CSHL second edition, 2005). (J) Semi-quantitative RT-PCR analysis of spo and spok in isolated tissues of third instar larvae
and adults. RG, ring gland; Br, brain; SG, salivary gland; FB, fat body; Gu, gut; Ep epidermis and muscle; H, head; Ov, Ovary; Ca, carcass; Te, testis (K) semi-
quantitative PCR analysis of spok expression in arrested first instar larvae expressing a UAS-spok RNAi construct under the control of the phm>Gal4 driver.
Table 2
Lethal phase of animals expressing Dmspok RNAi in the ring gland and raised
on food +/ecdysteroids
Ecdysteroid Number of dead animals at each stage
Lethal stage
1st instar 2nd instar 3rd instar Pupa Adult
20E 72 58 13 12 0
E 15 20 1 9 0
2dE 31 31 7 1 0
KD 33 35 2 0 0
7dC 101 0 2 0 0
C 61 0 0 0 0
Control 56 0 1 0 0
Control larvae were fed yeast paste with a final concentration of 9% DMSO/
EtOH (=1:2).
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progress past the first instar stage (Table 2). If these RNAi
knockdown larvae are fed 20E, E or 2dE then a significant
percentage can progress through the three larval molts.
Intriguingly, we also found that ketiodiol is able to rescue a
significant fraction of these larvae through at least the first molt
while C or 7dC do not. These results demonstrate that Dmspok
is required for molting and the production of ecdysone during
larval stages of development and positions the function of
Dmspok at the Black Box step (Fig. 1).
DmSpok expression requires the product of the molting
defective gene
Recently, the gene molting defective (mld) that codes for a
nuclear zinc finger protein has been identified as a putative
regulator of ecdysone production, specifically during larval
stages (Neubueser et al., 2005). Mutants in mld die after a
prolonged first instar stage without molting and these mutant
larvae show no E or 20E production, but do show normal or
higher than normal levels of the known biosynthetic P450
enzymes. Because mld is specifically required for production oflarval 20E pulses, we asked whether mld might regulate
expression of Dmspok. As shown in Figs. 7D and H, Dmspok is
not expressed in mld mutant first instar larvae suggesting that
Dmspok is a target of mld regulation.
To determine if Dmspok is the major regulatory target of
mld responsible for the molting defect, we ectopically
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cells of the ring gland in mld mutants using the phm>Gal4
driver. Although we confirmed by in situ hybridization (data
not shown) that these genes were expressed in the ring gland
of mld mutants, these animals still arrested development at
the first instar stage and gave no viable mld mutant adults
(Table 3) suggesting that mld likely regulates at least one
other component in the ecdysteroid biosynthetic pathway
besides Dmspok.
Discussion
Production of ecdysteroids at precisely timed intervals is
required to mediate major developmental transitions throughout
the life cycle of all insects. How the timing of these biosynthetic
pulses is regulated and whether there are single or multiple stage
and/or tissue-specific biosynthetic pathways that function
differentially at each developmental transition are not known.
In this report, we show that an early step in the Drosophila
ecdysone biosynthetic pathway is carried out in a stage-specific
manner by two separate, but related paralogous P450 enzymes.
Dmspo is only expressed during early embryonic development
and during adult ovarian maturation, while Dmspok is only
expressed in the prothoracic gland cells of the ring gland
beginning in late embryonic development and continuing
throughout larval life.
In contrast, Bombyx and Manduca appear to have only a
single ortholog of spo that functions at all stages of
development. In Manduca, there is a close correlation between
the hemolymph ecdysteroid titer and Msspo expression both
during the last larval instar and during the first 4 days of pupal–
adult development. Additionally, there is an obvious increase in
gene expression at day 3.5, at about the time of commitment,
accompanied by a small increase in the ecdysteroid titer. In
Bombyx fourth and fifth instar larvae, the hemolymph
ecdysteroid concentration also correlates very well with the
alterations in gene expression, as would be expected if BmSpo
was an integral P450 in the ecdysone biosynthetic scheme (see
also Namiki et al., 2005).
Although Bombyx and Manduca are more closely related to
each other than to dipterans, they differ substantially in their
pre-pupal and pupal life history. Bombyx is a silkworm and the
larva spins a silken cocoon before pupation, while theManduca
larva burrows into the ground where pupation occurs. Never-Table 3
Expression of Dmspo or Dmspok in the ring gland does not rescue mld mutant
animals
Parental phenotype (female X male) F1 phenotype
mld/
TM3
mld/
TM6
TM3/
TM6
mld/
mld
mld4425/TM3 X phm-GAL4, mld47/TM3 156 – – 0
phm-GAL4, mld47/TM3 X UAS-spo;
mld4425/TM6
65 53 37 0
phm-GAL4, mld47/TM3 X UAS-spok;
mld4425/TM6
27 21 34 0
GAL4 constructs are located on the third chromosomes. UAS constructs are
located on the second chromosomes.theless, both species exhibit a close correlation between surges
in spo expression and ecdysteroidogenesis. This observation,
together with the preponderance of spo expression in the
prothoracic glands, fulfills the classic criteria for denoting Spo
as an enzyme involved in steroid hormone biosynthesis,
notwithstanding the fact that neither the substrate nor the
product of Spo catalysis has yet been identified.
These data on the two lepidopterans are in direct contrast to
our studies on Drosophila in which we have shown that Dmspo
is present both in the early embryo where it is involved in
ecdysteroidogenesis, and in the developing adult ovary, but is
absent from the prothoracic gland cells in the ring gland in both
the late embryo and larvae (see also Namiki et al., 2005). We
resolved this conundrum by discovering Dmspok, a closely
related paralog of Dmspo, which is expressed in the larval ring
gland and is required for progression through larval stages. The
finding of Namiki et al. (2005) that Bmspo could rescue Dmspo
mutants, which otherwise die well before the completion of
embryogenesis, suggests that both lepidopteran Spo and
dipteran Spo mediate the same biosynthetic reaction(s) in the
pathway leading to ecdysone.
Do DmSpo and DmSpok act in the ecdysone biosynthetic
pathway?
The conclusion that DmSpo and DmSpok are directly
involved in ecdysteroid biosynthesis rests primarily on the
fact that they code for P450 enzymes and that titers of
ecdysteroids are undetectable in Dmspo mutant embryos as
well as in mld mutant larvae which do not express Dmspok
(Chavez et al., 2000; Neubueser et al., 2005). However, in
contrast to the other Halloween P450 enzymes including
Phm, Dib, Sad and Shd, we have been unable to assign a
specific enzymatic activity to any of the lepidopteran or
dipteran spo or spok products. The remaining incompletely
characterized steps in the conversion of C to 20E are the
oxidation of C to 7dC and the subsequent, little understood
oxidation of 7dC to the most proximal ecdysteroid-like
intermediate so far hypothesized in arthropods, i.e. the Δ4-
diketol (cholestqa-4,7-diene-3,6-dione-14a-ol) (Blais et al.,
1996 and Fig. 1). The former reaction was thought to be
catalyzed by a microsomal P450 enzyme located in the
prothoracic gland cells of Lepidoptera (Grieneisen et al.,
1993; Warren and Gilbert, 1996; Warren et al., 1995) and
Diptera (Warren et al., 1996, 2001) but recent data suggest
that, in Drosophila and C. elegans, a Rieske-domain protein
may be responsible for catalyzing this step (Yoshiyama et al.,
2006; Rottiers et al., 2006). The latter conversion is the so-
called “Black Box”, in that no stable intermediate has been
identified, and it is believed to be the important rate-limiting
step in the production of ecdysone (Gilbert et al., 2002) and
to be ultimately under regulation by the neuropeptide PTTH
(see Rybczynski, 2005). Our rescue experiments using
DmSpo mutant embryos suggest that DmSpo acts upstream
of ketotriol generation, but it is difficult with embryos to
define the step more precisely. Precursor ecdysteroids become
increasingly hydrophobic (fewer hydroxyl groups) the further
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rescue by the ketodiol, and limited rescue by ketotriol, may
simply reflect the inability of the more non-polar compounds
to penetrate the vitelline membrane of the embryo as
efficiently as 20E or E. This has been shown to be the case
in Manduca, where the in vitro conversion of the less polar
diketol ecdysteroid precursor, relative to that of the ketotriol,
into downstream ecdysteroids by intact prothoracic glands
was much less than with membrane disrupted prothoracic
glands (Grieneisen et al., 1993).
Utilizing RNAi, however, we were able to generate Dmspok
knockdown larvae that arrested development at the first instar
stage. When fed various sterols mixed in yeast paste (instead of
requiring penetration of the compound through the embryonic
membrane), we found that ketodiol did rescue the Dmspok
knockdown larvae while C and 7dC did not. This suggests that
Dmspo and Dmspok are likely to be components of the Black
Box step.
Although the rescue experiments point to the involvement of
Dmspo and Dmspok at the Black Box step, we have tested all
three spo enzymes (Dmspo, MsSpo and BmSpo) in the S2
expression system for activity towards both C and 7dC sub-
strates, but have not observed product formation. It is possible
that the Spo enzyme is not active in our S2 assay system because
of an inability of the cellular machinery to produce the required
reducing electrons. However, we note that both mitochondrial
(Sad, Dib and Shd) and microsomal (Phm) P450 enzymes are
functional in this system, suggesting that both the mitochondrial
adrenodoxin/adrenodoxin reductase as well as the microsomal
NADPH cytochrome P450 reductase electron transport path-
ways are active in these cells (Warren et al., 2002, 2004; Niwa
et al., 2004; Petryk et al., 2003; Rewitz et al., 2006a,b). Since
the Black Box is presently thought to represent several
oxidative transformations involved in the conversion of 7dC
to the Δ4-diketol (Gilbert et al., 2002), unless Spo catalyzes
the initial reaction, then expressing Spo alone with 7dC would
not be expected to produce a product. One problem with the
hypothesis that Spo is a component of the Black Box involves
the apparent localization of Spo in the ER, since the Black Box
reactions have long been thought to take place in the
mitochondria (see Lafont et al., 2005).
Another possible function for Spo and Spok is that they
might act upstream of cholesterol, perhaps in the dealkylation of
a plant sterol, which serves as an alternative starting point for
the biosynthetic pathway in some insects (Fig. 1). Those
reactions involving hydroxylations and epoxidations are also
thought to be mediated by an unknown set of P450 enzymes
(Gilbert, 2004). However, if this were the case, one would
expect that providing precursor sterols maternally might rescue
the mutant phenotype (Fluegel et al., 2006; Huang et al., 2005).
We have found that feeding adult Drosophila females high C or
7dC diets does result in high-level accumulation of these sterols
in eggs and larvae (Warren et al., 2001), yet no rescue of either
Dmspomutant embryos or mld larvae was observed under these
conditions (unpublished data). This argues against spo and spok
functioning as a far upstream component and our best guess is
that it is a component of the Black Box.Tissue-specific functions of the different Spo and Spok genes in
Drosophila
In adult Drosophila females, we observe expression of spo,
but not spok, in the ovarian follicle cells beginning at about
stage 8. We do not observe any expression of either gene in
nurse cells, consistent in the case of Dmspo, with absence of a
maternal effect in germline clones. The follicle cell expression
is similar to that seen with all the other Halloween biosynthetic
enzymes and strongly suggests that the follicle cells are the
primary source of ecdysone for the developing oocyte where it
is needed for proper migration of border cells, among other
things (Bai et al., 2000; Montell, 2001). However, this is the
only time at which concordance in expression of all the
biosynthetic genes is observed. In the early Drosophila embryo,
we first detect spo expression in ventral nuclei at about nuclear
division cycle 12. This pattern rapidly evolves to encompass
dorsal cells prior to completion of cellularization. A similar
early ventrally biased pattern has been described for Dmphm
which encodes the 25-hydroxylase (Warren et al., 2004). It is
not clear, however, whether these very early patterns of
biosynthetic enzyme expression are functionally relevant. Dib
for example, is not expressed with a ventral bias prior to
cellularization, but instead shows an anteriorly localized pattern
similar to hb. We have previously suggested that perhaps the
epidermis is the common tissue for early ecdysone biosynthesis
since all the biosynthetic enzymes acting upstream of E show at
least some expression in the epidermis prior to germ band
retraction at stage 11 (Warren et al., 2002, 2004; Petryk et al.,
2003). Expression of Dmspo is notably different. It is not found
in the epidermis but instead shows expression in early yolk
nuclei, and during germ band extension in the amnioserosa.
This amnioserosa expression is intriguing since recent studies
using a Gal4-LBD (ligand binding domain) system have shown
that ecdysteroids first accumulate in the amnioserosa (Kozlova
and Thummel, 2002, 2003). This led to the suggestion that the
amnioserosa may be the primary endocrine organ of the
embryo. Oddly however, Drosophila dib, sad and phm are not
expressed at detectable levels in the amnioserosa and spo
expression fades in this tissue prior to germ band retraction
when Gal4-LBD activity is first noted. It is possible that these
disparate observations might be reconciled if the protein
products of the biosynthetic enzymes are quite stable. All the
enzymes are at least transiently expressed in dorsal nuclei
during cellularization. Since the dorsal most nuclei eventually
form the amnioserosa, all the biosynthetic enzymes might be
present at some level in this tissue at latter stages if they are not
turned over rapidly.
Perhaps the most striking difference in Dmspo expression,
compared to the other previously characterized enzymes acting
upstream of E, is that it is not expressed in the prothoracic cells
of the ring gland (see also Namiki et al., 2005). This observation
is consistent with our rescue experiments demonstrating that
Spo is not required after embryogenesis. Our observation that
Dmspok is expressed in the prothoracic cells of the ring gland
beginning in the late embryo and continuing in these cells
throughout larval life provides an explanation for this
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common enzymatic activity. In this scenario, DmSpok would
provide DmSpo-like activity during larval stages. In addition,
the finding that Dmspok is expressed in embryonic ring glands,
yet is not able to rescue the Dmspo embryonic phenotype,
strongly suggests that the embryonic prothoracic cells are not
involved in generating the embryonic pulse of 20E and gives
additional credence to the idea that the physiologically
important embryonic 20E pulse is generated by another tissue
such as the amnioserosa cells, as discussed above.
Evolution of DmSpo and Mld functions
Gene duplication is thought to be a common mechanism by
which new functional activities are acquired by proteins during
evolution. In the case of the Drosophila spo (and spok) genes,
however, it appears likely that the same biochemical and
developmental functions are retained by the duplicated genes,
but each has instead acquired a different temporal and tissue-
specific expression profile. Perhaps this difference has pro-
moted the genomic fixation of both paralogs in evolutionary
time. It is interesting to note that there are several other
examples in Drosophila where gene duplication results inFig. 8. Neighbor-joining tree analysis of spo and spok. An unrooted tree inferrin
Spookiest (Cyp307B1) protein sequences from insect species. The clusters of Cyp30
1000 trials) are indicated. The scale bar indicates 0.1 change per residue. Taxonomic
Aedes aegypti (Aa); Anopheles gambiae (Ag); Apis mellifera (Am); Bombyx mori (B
sexta (Ms) and Tribolium castaneum (Tc). The name Spookiest is given to the Cyp3
introduced into the phylogeny.products with similar biochemical activities, but different
temporal expression profiles. The gene pairs Tsg/Cv and Tld/
Tlr provide equivalent BMP modulating activities during
embryo and pupal development, respectively (Serpe et al.,
2005; Shimmi et al., 2005), while Esc and Esc-like appear to
provide similar Polycomb group histone methyltransferase
complex functions in embryos and larvae, respectively (Wang
et al., 2006). In fish, it is interesting to note that there has also
been a duplication event that involves a sterol modifying
enzyme. In this case, there are two Cyp19 paralogs that each
have aromatase activity, but exhibit different temporal and
tissue-specific expression patterns (Chiang et al., 2001; Tong et
al., 2001). What advantage, if any, this type of divergence might
provide to the organism is not clear. Two porcine paralogs of
aromatase are expressed which exhibit different catalytic
efficiencies and recently a novel activity was found for one of
these enzymes (Corbin et al., 2004). Some paralogs of
steroidogenic Cyp11B genes also represent functionally
different enzymes (Bulow and Bernhardt, 2002; Veronneau et
al., 1996). Although there has not been a specific function
attributed to either Spo or Spok, these highly related P450 genes
probably code for functionally redundant, but stage-specific,
components in the biosynthetic pathway of ecdysteroids.g the sequence phylogeny of Spook (Cyp307A1), Spookier (Cyp307A2) and
7A (blue) and Cyp307B (green) are marked. Bootstrap values below 1000 (for
names are abbreviated, with the two letters indicating the genus and species i.e.
m); Drosophila melanogaster (Dm); Drosophila pseudoobscura (Dp);Manduca
07B type sequence. The red line and arrow indicate the point at which mld was
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resulting from their divergence, e.g. different catalytic rates,
may have been advantageous accounting for the survival of both
paralogs in dipteran genomes.
Another interesting evolutionary aspect of the present study
is the apparent concordant presence of the mld gene with
duplicated, but highly related, spo genes in Drosophilidae
lineages. As illustrated in Fig. 8, we find two spo-like sequences
in all Drosophilidae, as well as in the two mosquito species
Anopheles gambiae and Aedes aegypti. However, we find
only one spo-like sequence in the Lepidoptera, and Hymenop-
tera lineages. This observation must be tempered by the fact that
many of these genomes are in a relatively early state of analysis
and therefore, it is difficult to conclude with certainty that they
do not contain a particular sequence. Although both mosquitoes
and Tribolium do contain two spo-like sequences, they are
more diverged than the Drosophila paralogs (Fig. 8) suggesting
that perhaps the Cyp307B1 branch (Spookiest, Fig. 8) may have
evolved a different enzymatic activity. On the other hand, the
only know Apis mellifera spo sequence clusters with the
mosquito and Tribolium spookiest and thus may provide spo-
like activity in this species. The evolutionary distance between
the two mosquito and Tribolium spo-like sequences appears to
predate the divergence of Lepidoptera, Coleoptera and Diptera.
Thus, it could be that there were several different spo
duplication events during insect evolution that accounts for
the observed distribution of the present day spo-like genes.
The case of mld evolution is equally interesting. As
originally pointed out by Neubueser et al. (2005), mld is not
found in any species thus far investigated other than
Drosophilidae. Therefore, the presence of mld and closely
related pairs of spo genes may indicate that these two events
are functionally coupled. The fact that expression of either spo
or spok using the Gal4/UAS system in the prothoracic cells of
the ring gland of an mld mutant does not rescue the mld
molting phenotype (Table 3) suggests that mld must be
regulating at least one other aspect of the ecdysone biosynthetic
pathway, perhaps other components involved in the Black Box
reaction.
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